Abstract. To locate anomalous features including seepage pathways through the Daeryong earth-fill dam, P and Rayleigh waves were recorded along a 250-m profile on the crest of the dam. Seismic energy was generated using a 5-kg sledgehammer and detected by 24 4.5-Hz vertical-axis geophones installed at 3-m intervals. P-wave and apparent S-wave velocities of the reservoir dam and underlying bedrock were then inverted from first-arrival traveltimes and dispersion curves of Rayleigh waves, respectively. Apparent dynamic Poisson's ratios as high as 0.46 were obtained at the base of the dam near its north-east end, where an outlet conduit occurs, and in the clay core body near the south-west end of the profile where the dam was repeatedly grouted to abate seepage before our survey. These anomalies of higher Poisson's ratios in the upper part of clay core were also associated with effusion of grout on the downstream slope of the dam during post-survey grouting to abate leakage. Combining P-wave traveltime tomography and inversion of Rayleigh wave velocities was very effective in detecting potential pathways for seepage and previous grouted zones in this earthen dam.
Introduction
Over 17 000 embankment dams supply agricultural water in the Republic of Korea. More than 92% of these reservoir dams were built more than 30 years ago (Korea Rural Community and Agriculture Corporation, 2009) . Water leakage through an embankment body is commonly within acceptable limits. However, excessive seepage through or beneath the embankment and internal erosion removing fine particles from an embankment's core can be a catalyst for dam failure that may result in serious flooding and loss of homes, property, and life (Hock et al., 2007) . Maintenance of these dams is therefore vital (Chen et al., 2006) .
Several non-invasive geophysical methods are widely applied to locate weak zones and possible seepage pathways. The electrical resistivity method is one of the most widely used geophysical methods for detection of anomalous seepage in embankment dams (Cho and Yeom, 2007; Dunsan, 1986) : however, ambiguous interpretations may result from movement of clay particles in the central core of the dam. Seismic refraction tomography (Dutta, 1984; Powers et al., 2007) and inversion of surface-wave dispersion (Hock et al., 2007) are often applied to image the foundation and internal structure of embankments and to detect P-wave and S-wave velocity anomalies. The Pwave refraction and multi-channel analysis of surface waves (MASW) methods are generally facilitated by the ease with which first-arrival times can be determined and by the strong amplitudes of surface waves, respectively. Although seldom used, seismic reflection methods (Dakoulas, 1993; Nie et al., 2001; Miller et al., 2007) and ground-penetrating radar (GPR; Carnevale and Hager, 2008) can also reveal interfaces and velocity anomalies in earthen structures. Even though a single method may suffice, multiple geophysical methods are generally more successful in delineating anomalies associated with weak zones or seepage pathways (Chen et al., 2006; Hunter et al., 2007; Kim et al., 2007; Carnevale and Hager, 2008) .
Seepage pathways or weak zones in an earth-fill dam are characterised by high porosity, high water saturation, and low pressure. Higher porosities produce lower P-wave velocity, V p , while the porosity effect on S-wave velocity, V s , is relatively small at low pressure (Gregory, 1976; Zimmer et al., 2002) . Both theory (Biot, 1956a (Biot, , 1956b Geertsma, 1961) and measurements (Domenico, 1977; Dvorkin and Nur, 1996; Prasad, 2002) indicate that P-wave velocity (V p ) increases as water is introduced into a porous media while S-wave velocity (V s ) decreases slightly. Therefore, high V p /V s ratios or dynamic Poisson's ratios can serve as good indicators of seepage pathways or weak zones in an earth-fill embankment.
In this paper we describe the Daeryong earth-fill dam in central Korea (Figure 1 ), its seepage, and prior geophysical work. We then describe our application of the integrated seismic methods of P-wave traveltime tomography and inversion of dispersion curves of Rayleigh waves to obtain P-and S-wave velocities, and compare these results to those of previous work.
Description of the dam and previous work
The 354-m long Daeryong dam was originally constructed in 1957 for the purpose of impounding more than 1.5 Mt of water (Figure 1 ). The dam was built with a clay core, a sand filter, and earth fill, with a downstream face that included a terrace (Figure 2 ). There are no major tectonic fractures or faults near the dam and Precambrian garnetiferous gneiss is exposed at both of its ends (GMIK, 1975) . To slow leakage through the dam, grout was injected in 1963 and to compensate for compaction and sinking of the dam's crest, fill was added in 1968.
Originally the spillway was located on the south-west end of the dam. In 1981, significant leaks were detected near the spillway. These leaks were associated with low-resistivity anomalies (<300 W.m) indicated in electrical resistivity surveys conducted on the surface of the dam (RDC, 1999) . In 2000, the spillway was relocated to its present location at the north-east end of the dam and the dam's height was increased to 24 m (KARICO, 2005) .
Low-resistivity anomalies also occurred near bedrock on the north-east end of the dam and near leaks through the southwestern half of the dam. The south-western portion of the dam has been greatly thickened by fill that now covers much of the lower part of downstream face (Figure 1 ). In this part of the dam, trenches have been used to locate or verify leaks. During a dry period soon after our seismic surveys in 2007, we observed two wet spots (Figure 1 ) indicative of leakage through the downstream face of the dam when the impounded water level was~4 m below the dam's crest. These two sites, which are near the terrace ('T' in Figures 1 and 2 ) that once extended across the entire face of the dam, were later partly covered with fill. In April 2009, grout was injected into the dam through boreholes drilled from the crest of the dam. This grout was extruded through the face of the dam at several sites 9 to 12 m below the dam's crest (Figure 1 ). Some of this extruded grout likely followed paths through which water leakage had previously occurred.
Data acquisition
P-wave refraction and surface-wave surveys of 243 and 249 m lengths were made along coincident profiles on the crest of the dam during April and August of 2007, respectively (Figure 1 ). For both refraction and surface-wave profiling, station locations were measured at 3-m intervals on the dyke using a tape ruler. Locations and relative elevations of the profile ends were determined with a portable GPS unit and a laser surveying instrument. Record lengths of 408 and 1024 ms and sampling intervals of 0.2 and 1.0 ms were chosen for the first-arrival P-wave and surface wave surveys, respectively. Due to strong electric powerline noise, a 60-Hz notch filter was applied in the field before digital recording of both datasets.
For the refraction survey, three geophone spreads for in-line 24-channel seismic profiling used receiver intervals of 3 m. A single 4.5-Hz vertical-axis geophone was planted with a spike into the ground at each station. A 5-kg sledgehammer Study area K o r e a n P e n in s u li a was impacted at least three times on a square aluminium plate at each of 68 source stations. The resultant traveltimes for first arrivals are shown in Figure 3 . Most source locations were between geophones in split-spread configurations, although some source locations were end-on with maximum near-trace offsets of 20 m. Source locations were more densely distributed for the south-western and middle geophone spreads than for the north-eastern spread (Figure 3 ). For the surface wave survey, hammer blows, or 'shots', progressed from north-east to south-west at 3-m intervals using an end-on configuration 'pushing the cable' with rollalong of receivers south-west of the source points until the geophones reached the south-west end of the profile. Thereafter, split-spread configurations were used with a fixed geophone spread until a single end-on configuration was used at the south-west end of the profile. Shot gathers from the surfacewave survey (Figure 4) show some of the variations in dispersion of Rayleigh waves along the seismic profile.
Data processing

P-wave processing and traveltime tomography
The data were analysed using commercial software on a personal computer. First arrival times ( Figure 3 ) were picked and carefully checked for reciprocity, which requires that interchanges of sources and receivers yield identical traveltimes. Since the refraction spreads were non-overlapping, subsurface coverage for critically refracting events was increased by picking the firstarrival times in thirty of the surface-wave records that had good ratios of signal-to-noise. Velocity tomograms ( Figure 5 ) were then derived from the first-arrival times using the refraction data inversion algorithm of SIRT (Simultaneous Iterative Traveltime curves of first arrivals from the refraction survey (green dots) and from the surface wave survey (red dots) where the refraction arrivals were adequately defined. The surface wave arrival times were used to increase the subsurface coverage beyond what was afforded by the three fixed and non-overlapping refraction spreads. These first-arrival times were used for traveltime inversions. Apparent velocities are higher in the southwestern part of the profile, where grout was injected multiple times before our survey.
Reconstruction Technique; Lo and Inderwiesen, 1994) . This algorithm, which is based on Fermat's principle (Saito, 1989) , automatically determines least-traveltime paths comprising straight-line segments between nodes on perimeters of quadrilateral cells. Our inversions used nine nodes on each cell edge and 20 layers of constant-velocity cells with 3-m widths, equal to the interval between receiver stations. The cell heights were constant from the crest of the dam to the top of the bedrock in each column, but these heights varied laterally from 0.6 to 1.5 m depending on the total thickness of the dam.
An initial model for tomographic inversion used a priori information on depths to the top of the soft rock underlying the dam and the thickness of the fill overlying the clay core of the dam (Figure 2) . In this initial model, P-wave velocities of 300 and 2800 m/s were used for the fill and soft bedrock above and below the clay core, respectively. The dam's core was initially modelled with velocities between 300 and 1000 m/s that increased monotonically with depth. With this initial model, a tomogram was derived by inversion that yielded a large root-mean-square (RMS) error in traveltimes. To improve the inversion, repeated forward modelling was used to derive a new initial model with higher velocities in the southwestern part of the dam body, where grout had been repeatedly injected. After 10 iterations, the inversion with a better initial model yielded an RMS error of 1.4 ms and a maximum absolute difference between modelled and observed traveltimes of 8.2 ms. Following this successful inversion, the tomographic P-wave velocities were smoothed to ensure computational stability and facilitate synergetic interpretation with S-wave velocities derived from the surface wave data. The computed raypaths and smoothed velocity tomograms ( Figure 5 ) image the velocity distribution of the embankment and its bedrock with resolution limited by the cell dimensions and the necessary smoothing.
Inversion of Rayleigh wave dispersion curves
To obtain greater accuracy and resolution of shear wave velocities, we used the Common Midpoint Cross-Correlation analysis (CMPCC) method (Hayashi and Suzuki, 2004) , which is modified from the Multi-channel Analysis of Surface Waves (MASW) technique . We first Fourier transformed each 24-channel shot record and then computed the Fourier transforms of the cross-correlations, or normalised cross-spectra, s ij , between each pair of traces for which the receiver location x j was farther from the shot than the receiver at location x i . For each of these we compute the paired receiver separations, x k = x j À x i = kDx, and receiver-pair midpoint positions, X m = (x i + x j )/2 = mDX, where Dx and DX are the intervals between adjacent receiver locations and midpoints, respectively. Because we use a roll-along switch to advance the 24-channel geophone array in increments of the geophone spacing, DX = Dx/2. We then sort all of the traces s ij from all shot records into common-X m gathers, and combine adjacent gathers to create 'common-midpoint' (CMP) gathers at CMP intervals of Dx = 2DX. In each of these gathers, we stack those s ij from different shots but with the same receiver separations, x k to obtain CMP gathers of stacked cross-spectra, S mk , containing between 2 and 23 traces in the f À x k domain, where f is frequency. Using the phase-shift and stack method (Park et al., 1998a (Park et al., , 1998b , we transform each CMP gather of S mk into a phasevelocity spectrum in the v À f domain; where v is phase velocity. The highest amplitudes in these spectra define a phase velocity versus frequency curve for each receiver-pair midpoint, X m . A non-linear least-squares inversion is then applied to each of these dispersion curves to obtain shear-wave velocity, v s versus depth, z. Finally we contour v s as a function of z and X m .
At each CMP location, one-dimensionally modelled (apparent) V s were derived from the dispersion curves on the assumption of horizontal layering of infinite extent by non-linear least-squares inversion of the dispersion curve. To compute phase velocities, we used a stack of homogeneous layers and the propagator matrix method (Thomson, 1950; Haskell, 1953) . Because effects of V s on phase velocity of Rayleigh waves dominate effects of V p /V s and density r , empirical relationships of V p /V s (Kitsunezaki et al., 1990 ) and r/V s (Ludwig et al., 1970) were used in inversions. For the initial model of the embankment material we assigned V s = 0.4 V p , where V p was determined by traveltime tomography. We thus used the same V p /V s ratio as Powers et al. (2007) For the inversions, 20 layers of cells of 3.0-m width and 1.5-m height were used. Considering 3D effects, which will be discussed in detail later, we refer to the derived shear wave velocity V s in this study as apparent velocities, V sa . The 2D V sa section ( Figure 6 ) was then obtained by spatially averaging adjacent 1D models with a 6-m, 3-point (1, 2, 1)/3 smoothing filter. The maximum inverted depth of 30 m is shallower than the limits of reliable depths, approximately equal to half of the longest wavelengths useful to inversion (Rix and Leipski, 1991) .
V p /V sa ratios and apparent dynamic Poisson's ratios
To investigate variations in porosity and water saturation of the embankment body and the bedrock, V p /V sa ratios were obtained after interpolating and gridding the velocity data into a mesh of 1520 cells of 3.0 Â 1.5 m size (Figure 7a ). From these ratios we also computed and displayed ( Figure 7b ) the apparent dynamic Poisson's ratios, s a , assuming isotropic media,
Analysis and results
For wavelengths greater than a few metres (frequencies lower than 80 Hz), the assumptions of one-dimensionality for surface wave propagation are violated because of the finite width of the dam's core. Materials on either side of the core including the sand filter, earth fill, and grout affect these velocities. To predict Rayleigh wave characteristics in the presence of 3D structure, canonical solutions by analytical methods have been obtained for simple geometries (Todorovska and Lee, 1990; Budaev and Bogy, 1998) . For more irregular subsurface topography, waveform inversion techniques using finitedifference modelling (Hartzell et al., 2006) can be applied. Applicability of surface wave methods was recently verified through 3D finite element modelling for a rock-fill dam with a clay core having sloping boundaries and surrounding fill material (Kim et al., 2010) . Comparison of their numerical analysis with field experiments on the crest of the dam revealed that the surface wave methods resulted in reasonable values for core properties, even though the resulting values could be a little overestimated. Due to extensive alterations, including grouting of the Daeryong dam, and the availability of seismic data only along the crest of the dam, however, inversion of 2D or 3D structures using Rayleigh wave dispersion curves would seem to be impractical even with constraints using known features of the dam. Both V p and V sa generally increase with depth in the core of the dam (Figures 5 and 6 ). There is, however, an abrupt increase in V p at the base of the dam where critical refraction occurs along the bedrock as indicated by the raypaths (Figure 5a ). The deepest part of the dam is in the vicinity of profile distance of 90 m. To the north-east of this point, the velocities V p of the soft bedrock, which was penetrated by boreholes BH-1 and BH-2, are in the range of 1320-1760 m/s. To the south-west of profile distance 80 m, the bedrock velocity is significantly higher. There, V p at or near the top of the bedrock is as high as 2760 m/s. The apparent shear velocities, V sa , at or near the top of the bedrock are as high as 1480 m/s south-west of the 90-m profile location and are much lower than this to the north-east. The apparent dynamic Poisson ratio, s a , for the bedrock is~0.30. Near the base of the dam at its north-east end there is a relative low V sa anomaly ( Figure 6 ) that is apparently due to a 118-m long outlet conduit that is 1.5 m high and 1.4 m wide. The apparent dynamic Poisson ratio for this anomaly exceeds 0.46.
In general both V p and V sa of the dam's core are much higher near the south-west end of the dam as there is an abrupt increase in these velocities to the south-west near the 80-m profile position (Figures 5 and 6 ). In the south-western portion of the profile the 1000-m/s contour of V p is as shallow as 10 m. The higher values of V p and V sa here are probably due to previous injections of cement grout to remedy seepage. Since 1963, detection of seeps and repeated injections of grout occurred near the old spillway at the south-west end of the dam (GMIK, 1975; RDC, 1999) .
To the north-east of the grouted area there is an increased vertical gradient of V sa at depths of 10 to 15 m in the vicinity of the boreholes BH-1 and BH-2 at profile distances of 94 and 144 m, respectively. In BH-2 this zone of higher velocity gradients is correlated with a local maximum in the blow-counts (N-value) of the standard penetration test (SPT) at a depth of 12 m. The sampling in BH-1 is insufficient to identify these features in detail, where ray coverage is also poor. However, the changes in the vertical gradient of V sa extend laterally to the area of that borehole as well. An increased vertical gradient of V p is also observed near the local blow-count maximum in BH-2 at 12 m, which would be consistent with lower porosity and water content and an increase in compaction of the core at about this depth. Except in some anomalous zones, the ranges of V p /V sa are 2.0-3.8 for the clay Combining seismic studies on an earth-fill dam Exploration Geophysicsand the non-horizontal base of the dam which could modify the dispersion curves of the Rayleigh waves. It roughly coincides, however, with an anomalous zone of low electrical resistivity previously identified in a surface dipole-dipole resistivity survey (Cho and Yeom, 2007) . This zone at 7-m depth may also lie along seepage pathways through the core that exit lower in the dam as indicated by visual inspection after trenching of the dam and by effusion of grout from the dam face as a result of post-survey grouting (Figure 1) . The anomalous band of higher s a may thus indicate a weak zone within the core having increased potential for leakage. This high-s a zone may indicate less compaction of the clay at depths shallower than 12 m in borehole BH-2 where the SPT blow-count is highest except at the base of the clay core (Figure 8 ). The high-s a anomaly at the profile distance 160 m is also correlated with a low electrical resistivity anomaly but there was no clearly defined low resistivity anomaly to correlate with the high-s a anomaly in the 60-95 m range of profile distances. At the top of the dam's core there lies~3.5 m of fill. The fill-core interface is not well defined across the length of the dam; however, the V p /V sa ratio for this fill material is roughly in the range of 1.9-2.8, which corresponds to apparent dynamic Poisson ratios between 0.31 and 0.43.
Conclusions
Integrated seismic methods of P-wave traveltime tomography and inversion of dispersion curves of Rayleigh waves were applied to investigate internal structure of an earth-fill dam and to detect anomalous features including seepage pathways, weak zones, and prior grouted zones. Variations in depth of both fill/core and core/ bedrock boundaries are indicated in both P-and apparent S-wave velocity sections. A band of high apparent dynamic Poisson's ratios (s a > 0.44) may identify a pathway for seepage through the upper portion of the clay core of the dam. The relatively simple and easy approach of combining P-wave traveltime tomography and dispersion inversion of Rayleigh waves is very promising to detect potential seepage pathways in earthen dams due to their nature of high porosity and high water saturation under low pressure. 
